The evolutionary emergence of land plant body plans transformed the planet. However, our understanding of this formative episode is mired in the uncertainty associated with the phylogenetic relationships among bryophytes (hornworts, liverworts, and mosses) and tracheophytes (vascular plants). Here we attempt to clarify this problem by analyzing a large transcriptomic dataset with models that allow for compositional heterogeneity between sites. Zygnematophyceae is resolved as sister to land plants, but we obtain several distinct relationships between bryophytes and tracheophytes. Concatenated sequence analyses that can explicitly accommodate site-specific compositional heterogeneity give more support for a mosses-liverworts clade, ''Setaphyta,'' as the sister to all other land plants, and weak support for hornworts as the sister to all other land plants. Bryophyte monophyly is supported by gene concatenation analyses using models explicitly accommodating lineage-specific compositional heterogeneity and analyses of gene trees. Both maximum-likelihood analyses that compare the fit of each gene tree to proposed species trees and Bayesian supertree estimation based on gene trees support bryophyte monophyly. Of the 15 distinct rooted relationships for embryophytes, we reject all but three hypotheses, which differ only in the position of hornworts. Our results imply that the ancestral embryophyte was more complex than has been envisaged based on topologies recognizing liverworts as the sister lineage to all other embryophytes. This requires many phenotypic character losses and transformations in the liverwort lineage, diminishes inconsistency between phylogeny and the fossil record, and prompts re-evaluation of the phylogenetic affinity of early land plant fossils, the majority of which are considered stem tracheophytes.
In Brief
Puttick et al. resolve a ''Setaphyta'' clade uniting liverworts and mosses and support for bryophyte monophyly. Their results indicate that the ancestral land plant was more complex than has been envisaged based on phylogenies recognizing liverworts as the sister lineage to all other embryophytes. 
SUMMARY
The evolutionary emergence of land plant body plans transformed the planet. However, our understanding of this formative episode is mired in the uncertainty associated with the phylogenetic relationships among bryophytes (hornworts, liverworts, and mosses) and tracheophytes (vascular plants). Here we attempt to clarify this problem by analyzing a large transcriptomic dataset with models that allow for compositional heterogeneity between sites. Zygnematophyceae is resolved as sister to land plants, but we obtain several distinct relationships between bryophytes and tracheophytes. Concatenated sequence analyses that can explicitly accommodate site-specific compositional heterogeneity give more support for a mosses-liverworts clade, ''Setaphyta,'' as the sister to all other land plants, and weak support for hornworts as the sister to all other land plants. Bryophyte monophyly is supported by gene concatenation analyses using models explicitly accommodating lineage-specific compositional heterogeneity and analyses of gene trees. Both maximum-likelihood analyses that compare the fit of each gene tree to proposed species trees and Bayesian supertree estimation based on gene trees support bryophyte monophyly. Of the 15 distinct rooted relationships for embryophytes, we reject all but three hypotheses, which differ only in the position of hornworts. Our results imply that the ancestral embryophyte was more complex than has been envisaged based on topologies recognizing liverworts as the sister lineage to all other embryophytes. This requires many phenotypic character losses and transformations in the liverwort lineage, diminishes inconsistency between phylogeny
INTRODUCTION
The evolutionary emergence of land plant body plans is one of the most formative episodes in the evolution of our planet [1, 2] . Land plant innovations, including stomata, vascular and rooting systems, symbioses with fungi, and, eventually, leaves, expanded the sequestration of CO 2 through photosynthesis and silicate weathering [1] . These weathering effects resulted in changes in atmospheric CO 2 over long timescales [1, 3, 4] , as well as key changes to the environment such as the development of soils [5] . Early land plants have even been invoked in shaping terrestrial landscapes by constraining sedimentological processes [6] . Unfortunately, a detailed understanding of this episode is obscured by uncertainty associated with the phylogenetic relationships among bryophytes (hornworts, liverworts, and mosses) and tracheophytes (vascular plants), for which almost every possible solution has been proposed (e.g., [7] ; Figures 1A-1G ). In the absence of phylogenetic resolution, it is not possible to establish the sequence in which embryophyte, bryophyte, and tracheophyte body plan characters were assembled. This is a prerequisite for determining their intrinsic molecular developmental causes and extrinsic environmental consequences, the phylogenetic interpretation of fossil embryophytes, and, consequently, establishing the timescale over which these characters evolved-facilitating tests of hypotheses on their role in transforming the planet.
Although the monophyly of Embryophyta (land plants) and Tracheophyta (vascular plants) is universally accepted, various hypotheses on the interrelationships of bryophytes (hornworts, liverworts, and mosses) and tracheophytes have gained support in the last 30 years. The fundamental distinction is between bryophyte monophyly (e.g., [7] [8] [9] [10] [11] ; Figure 1A ) and paraphyly (e.g., [12] [13] [14] [15] [16] [17] ; Figures 1B-1G) . Indeed, at least seven alternative topologies have been proposed from morphological and molecular analyses (Figures 1A-1G ; Table 1 ), leading to the current consensus of a polytomy between mosses, liverworts, hornworts, and tracheophytes [18] . The identity of the embryophyte outgroup remains equally uncertain, with older studies supporting the morphologically complex stoneworts (Charales) as the immediate sister clade and more recent studies supporting the ''pond scum'' Zygnematophyceae as the land plant sister group (e.g., [7, 19, 20] ).
The failure of different studies to reach congruence on the fundamental relationships among embryophytes is most likely due to inadequate phylogenetic models rather than insufficient data [11, 21, 22] . For example, the lack of consensus at the root of embryophytes has been attributed to directional evolution in nucleotide sequences leading to compositional biases [11] and the use of overly simplistic models with assumptions-stationarity, reversibility, and homogeneity-that are violated in real sequence data [22] . Therefore, any attempt to understand these early relationships requires substitution models and analytic methods that can incorporate these complexities.
Here we analyze a large transcriptomic amino acid alignment from 103 species of algae (Chlorophyta and Streptophyta) and Embryophyta (mosses, hornworts, liverworts, and tracheophytes) from Wickett et al. [7] using a model (CAT-GTR+G [23] ) that accounts for compositional heterogeneity across sites [23] and a data-recoding strategy (Dayhoff-6) that reduces lineagespecific compositional heterogeneity; the same recoded datasets were also analyzed using the node-discrete composition heterogeneity (NCDH) model [24] that explicitly accounts for The seven principal competing hypotheses of bryophyte and tracheophyte relationships: (A) bryophyte monophyly; (B) hornworts sister to a clade of mosses plus liverworts, itself sister to tracheophytes; (C) mosses, liverworts, and hornworts are successive sister lineages of tracheophytes; (D) a clade of liverworts and mosses as a sister lineage of hornworts plus tracheophytes; (E) hornworts, mosses, and liverworts are successive sister lineages of tracheophytes; (F) mosses, hornworts, and liverworts are successive sister lineages of tracheophytes; and (G) hornworts plus mosses comprise a clade, sister to tracheophytes, and liverworts are an outgroup to all three. There is significant support for monophyletic bryophytes from analyses employing Bayesian supertree estimation from gene trees (i), significant tests of the maximum-likelihood fit of gene trees (ii) and sequence data (iii) to the topologies, and CAT-GTR analyses in Phylobayes (iv). However, both Bayesian supertree estimation (i) and maximum-likelihood fit of gene trees (ii) significantly reject hornworts sister and mosses-liverworts sister, but both of these topologies are found more consistently in jack-knife CAT-GTR analyses than monophyly (iv). Gao et al. [20] Zygnematales chloroplast nucleotides Karol et al. [69] Zygnematales chloroplast amino acids Ruhfel et al. [19] Zygnematales chloroplast amino acids Lemieux et al. [70] (Liverwort, (Moss, (Hornwort, Tracheophyta)))
''Charophyceae'' morphology Parenti [71] Coleochaetes/Charales chloroplast nucleotides Lewis et al. [72] Charales chloroplast nucleotides Delwiche et al. [73] Coleochaetales chloroplast genome structure Kelch et al. [74] Coleochaetales chloroplast nucleotides c Nishiyama et al. [9] Coleochaetales chloroplast nucleotides Wolf et al. [75] Charales/Coleochaetales mitochondrial nucleotides Groth-Malonek et al. [76] Charales or Zygnematales chloroplast nuclecotide and rDNA, and mitochondrial and nuclear rDNA Qiu et al. [17] Charales chloroplast and mitochondrial nucleotides, and nuclear, chloroplast, and mitochondrial rDNA Qiu et al. [77] (Continued on next page)
Current Biology 28, 1-13, March 5, 2018 3 lineage-specific compositional heterogeneity. Finally, we explore the relative fit among sequence data and gene trees to seven proposed hypotheses for the relationships of early land plants ( Figures 1A-1G) . Analyses under the CAT-GTR model are not conclusive, supporting several topologies. However, bryophyte monophyly is significantly favored over all alternative topologies (1) in superalignment analyses using the NDCH2 model, (2) when comparing the likelihood fit of gene trees and sequences to different hypotheses, and (3) through Bayesian supertree analyses of gene trees.
RESULTS
The results of our phylogenetic analyses overwhelmingly support the clade uniting liverworts and mosses that we name ''Setaphyta.'' To a lesser degree, we find support for a sister relationship between Setaphyta and hornworts and, hence, the monophyly of the bryophytes (Figures 2, 3 , and 4). Support for the monophyly of the three bryophyte groups is mainly from the use of hypothesis tests using prior topologies, but also supertree estimation from gene trees.
Compositional Heterogeneity among Sites
The position of hornworts is unresolved in a focal analysis of genes present in at least 95% of taxa (20,512 amino acids). Analysis of these data with the CAT-GTR model yields a phylogeny in which the relationships between the bryophyte phyla and the tracheophytes are unresolved ( Figures 3 and 4) . Using posterior predictive tests to estimate the number of Dayhoff-recoded amino acids at each site in the alignment, there is a significant difference between the empirical data and those estimated from the CAT-GTR model (Z score: 3.85), but this model fit is better than the prediction from the GTR model with no compositional heterogeneity and the empirical data (Z score: 27.24). Analyses without the hornworts did not change the relationships among the remaining bryophyte and tracheophyte clades. Five fully resolved alternative topologies are supported by the jack-knife analyses of the full dataset ( Figure 4 ). The joint most commonly sampled consensus tree (10/30 replicates) from the jack-knife analyses shows hornworts as sister to tracheophytes, with liverworts and mosses comprising a sister clade at the base of embryophytes ( Figure 4B ). The position of hornworts changes in the remaining phylogenies to be either at the base of Zygnematales chloroplast nucleotides Gao et al. [20] Zygnematales chloroplast nucleotides Chang and Graham [28] Chlorophytes/charophytes chloroplast nucleotides and nuclear rDNA Fiz-Palacios et al. [78] Coleochaetales chloroplast nucleotides Magalló n et al. [79] Charales or Zygnematales mitochondrial nucleotides Turmel et al. [80] Charales/Coleochaetales chloroplast nucleotides Kim et al. [81] Charales mitochondrial nucleotides and amino acids Liu et al. [21] Zygnematales chloroplast nucleotides Ruhfel et al. [19] Zygnematales chloroplast nucleotides Zhong et al. [29] (Liverwort (Hornwort (Moss, Tracheophyta)))
''charophytes'' morphology Mishler and Churchill [13] Charales/Coleochaetales morphology Bremer [31] Coleochaetales morphology Bremer et al. [68] Coleochaetales morphology and chloroplast and nuclear rRNA Mishler et al. [14] Charales/Coleochaetales morphology Kenrick and Crane [15] Charales chloroplast and mitochondrial nucleotides, nuclear rDNA Karol et al. [45] (Liverwort ((Moss, Hornwort), Tracheophyta))
Klebsormidiales/Coeleochaetales nuclear rRNA Waters et al. [12] Klebsormidiales chloroplast and nuclear rDNA Mishler et al. [14] Chlorophytes mitochondrial rDNA Duff and Nickrent [65] (Moss, (Liverwort, (Hornwort, Tracheophyta))) Charales mitochondrial nucleotides Liu et al. [21] Coleochaetales chloroplast amino acids Lemieux et al. [82] (Moss, (Hornwort, (Liverwort, Tracheophyta))) Charales nuclear amino acids Floyd et al. [83] a Either the designated outgroups or, if identified, the most closely related taxon to land plants. b Note that although bryophytes were monophyletic, they were embedded in a paraphyletic tracheophyte. c Protein coding-genes 1+2 codon positions only [7, 9, 10, 20, 67] Figure 3A ) and the 50% majority-rule consensus shows a similar polytomy, but with mosses and liverworts forming a clade ( Figure 3B ). Strict (A) and 50% majority-rule (B) consensus. Abbreviations: Chl, Chlorophyta; Ch, Chlorokybophyceae; Kl, Klebsormidiophyceae; C, Charophyceae; Col, Coleochaetophyceae; Zygnemat, Zygnematophyceae; H, hornworts; Liv, liverworts; Lyco, Lycophyta; Pterid., Pteridophyta.
Across-Branch Compositional Heterogeneity
The NDCH2 analysis of the Dayhoff-recoded 148 least heterogeneous genes recovered monophyletic bryophytes with maximal (posterior probability [PP] = 1.0) posterior probability. CAT-GTR analysis of these data supports a liverwort plus moss clade sister to a hornworts plus tracheophytes clade, with maximal posterior probability (PP = 1.0).
Fit of Sequence Alignments to Proposed Topologies
Analyses of the sequence data rejected all topologies except monophyletic bryophytes ( Table 2) . None of the five other alternative topologies was sampled during the bootstrap analyses (monophyletic bryophytes proportion = 1). Bryophyte monophyly received the highest support of summed likelihoods and is significantly supported compared to all alternative topologies using approximately unbiased (AU), Kishino-Hasegawa (KH), and Shimodaira-Hasegawa (SH) tests (Table 2) .
Supertree Estimation using Gene Trees
Results from analyses of gene trees using Bayesian supertree inference [25] strongly support monophyletic bryophytes. The posterior probability of the split supporting monophyletic bryophytes was 1 across two independent chains ( Figure 4H ). When the 148 least compositionally heterogeneous genes are analyzed alone ( Figure 4I ), a liverwort-moss sister clade to the re- 
L H T M L H T M L H T L M H T M H L T Figure 4. Assessing Support for Competing Topologies
The number of times seven topologies were produced from the 30 jack-knife analyses of Dayhoffrecoded data under the Bayesian CAT-GTR model (A-G) and the topology from Bayesian supertree estimation using the method of Steel and Rodrigo [25] maining embryophytes is recovered (posterior probability = 0.98). Further, the 148 least heterogeneous genes indicate that Chara is sister to embryophytes, whereas all other estimated supertrees support a Zygnematophyceae-Embryophyta relationship ( Figure 4I ). The effective sample size (ESS) of all parameters was >200, and the median estimate of the free beta parameter was 2.06.
We also estimated multi-species coalescent supertrees in Astral [26] . These trees support bryophyte monophyly with low support (52.5) and also support a sister-group relationship between Chara and the embryophytes.
Fit of Gene Trees to Proposed Topologies
Comparisons of the likelihood of gene trees and seven proposed embryophyte relationships support bryophyte monophyly (Table 3 ). All alternative hypotheses can be rejected using the AU and KH tests, although the more conservative SH test cannot reject the topology in which liverworts and mosses are recovered as the sister clade to the remaining embryophytes (Table 3, top) . However, when using the least heterogeneous 148 gene dataset, it is not possible to reject liverworts-mosses sister, monophyletic bryophytes, or liverworts plus hornworts-mosses topologies using the AU test (Table 3 , bottom).
DISCUSSION
The phylogenetic relationship among early land plants has been one of the most recalcitrant problems in phylogenetics. We find support for three topologies of bryophytes and tracheophytes from analyses using models that accommodate sequence heterogeneity: (1) monophyly of the bryophytes, (2) hornworts alone earliest branching, and (3) liverworts plus mosses earliest branching. Bryophyte monophyly is consistently supported by analyses that compare the fit of sequence data and gene trees to hypothesized relationships, as well as by analyses performed using ASTRAL. Support for bryophyte monophyly is also found in the results of analyses accommodating across-branch compositional heterogeneity. Overall, these results suggest bryophyte monophyly, and support for alternative topologies might be a consequence of incomplete lineage sorting and lineage specific compositional heterogeneity in the data. Bryophyte monophyly is congruent with recent studies that accommodate acrossbranch compositional heterogeneity [11] but conflict with results from a large-scale concatenation analysis using simpler models [7] (Figure 2 ).
Rejection of Proposed Relationships
In the last 30 years, at least seven topologies have been proposed for early land plants (Figures 1A-1G ; Table 1 ). Our analyses allow us to narrow this topological uncertainty down solely to the position of hornworts: as the sister to a clade of mosses and liverworts in monophyletic bryophytes ( Figure 1A) , as the sister lineage to other embryophytes ( Figure 1B) , or as the sister lineage of tracheophytes ( Figure 1D) . With all methods, we can reject previous hypotheses that do not find a moss-liverwort clade (i.e., Table 1 ; Figures 1D and 1E-1G) , such as the successive branching of hornworts, liverworts, and mosses sister to the tracheophytes [13, [19] [20] [21] [27] [28] [29] [30] [31] . The three remaining topologies represent a fundamental split in the topology with either monophyly or paraphyly of bryophytes (hornworts or liverworts-mosses as the sister lineage to all remaining embryophytes). Wickett et al. [7] found support for both bryophyte paraphyly (hornworts sister-based on concatenation analyses of nucleotide data) and bryophyte monophyly (based upon a coalescent analysis of a reduced dataset of amino acids). Here we find equivocal support for these hypotheses through estimation of phylogenies based on CAT-GTR-model-based analyses of amino acid data (Figures 3 and 4) .
Difficulties in the Resolution of Early Land Plant Phylogeny
Despite three decades of research, the phylogeny of early land plants remains unresolved with large-scale analyses based upon morphology (e.g., [15] ) and transcriptomes (e.g., [7] ). Our analyses suggest that this continuing controversy is due to a combination of factors: embryophyte sequence data exhibit significant compositional heterogeneity that is difficult to model even with the best current approaches [22] ; there is a paucity of sequence data for key hornwort lineages; and biological effects, such as incomplete lineage sorting, may be masking early-branching relationships.
In our analyses, the choice of model did impact the inferred tree topology, and models accounting for across-site or across-tree heterogeneity did not agree with each other. Site specific heterogeneity is very high in this dataset and cannot be accounted for in full also when applying Dayhoff recoding (Z = j6j). In addition, it is evident from the results of the CAT-GTR+G analyses, which resolve different tree topologies, that the problem may also be further complicated by the presence of incomplete lineage sorting in the data. However, both the use of ASTRAL coalescent methods and the use of models that accommodate lineage-specific compositional heterogeneity support bryophyte monophyly. Thus, from a modeling perspective, resolving the deepest relationships among land plants is a challenging problem. The application of site-heterogeneous models has resolved phylogenetic controversy elsewhere in the tree of life (e.g., [32, 33] ), but, at present, it is unable to definitively resolve early land plant relationships (Figure 4) . Furthermore, modeling of compositional heterogeneity between sites may not be sufficiently complex to resolve land plant relationships, as it will not capture compositional heterogeneity among lineages [24] or non-reversibility in sequence evolution [34] . An additional factor is that the genome-scale amino acid datasets that are now available for many embryophyte lineages are too large to be easily modeled using the best-fitting models available. In particular, achieving convergence with the CAT-GTR model in Phylobayes or the NDCH2 model of P4 becomes challenging beyond datasets of around 20,000 aligned positions, even when using parallelization.
A second important factor relates to the sampling of key lineages. Despite the modeling difficulties outlined above, our analyses enabled us to resolve robustly all of the main branches of the land plant tree with the exception of the hornworts-the most poorly sampled major lineage in our dataset. Hornworts are currently represented by just two transcriptomes from congeneric species (Nothoceros), leaving four of the five orders unrepresented. Thus, improved genomic or transcriptomic sampling of hornworts may help to place this final recalcitrant branch in the land plant tree. Liverwort diversity is also under represented, particularly for early-branching lineages. Thus, the quality of the dataset could be improved significantly through addition of transcriptome data for the hornworts Leiosporoceros and/or Anthoceros, as well as the earliest-diverging lineages of haplomitropsid liverworts, Haplomitrium and/or Treubia. Finally, the current intractability of land plant relationships must be, at least in part, biological. Part of the reason may be horizontal gene transfer, which has been documented between hornworts and pteridophytes [35] , as well as mosses and angiosperms [36] , potentially biasing the estimation of phylogenies using concatenation. The short branches separating the four main lineages of land plants may indicate a rapid adaptive radiation resulting in conflicts among gene trees as a consequence of incomplete lineage sorting of gene polymorphisms. Future studies may aim to identify sets of gene trees supporting alternative topologies as a consequence of these biological processes.
Support for Monophyletic Bryophytes and the LiverwortMoss Clade ''Setaphyta'' Bayesian supertree estimation [25] , gene tree coalescent analysis [26] , and maximum-likelihood analyses [37] of gene trees all support monophyletic bryophytes [7] [8] [9] [10] [11] [38] [39] [40] . Wickett et al. [7] also found monophyletic bryophytes based on gene tree coalescence analyses of amino acids, and other studies have suggested that support for relationships other than bryophyte monophyly is artifactual in chloroplast data [11] . We find the support for bryophyte monophyly based on analysis of gene trees, but there is additional support from analyses of the fit of sequence data to competing phylogenetic hypotheses (Tables 2 and 3 ). For example, significant tests of the relative fit of sequence data to topologies reject hornworts sister, and the highest support and bootstrap proportion is for monophyletic bryophytes (Table 2) . Our results are compatible with concatenation precluding resolution of early land plant phylogeny, possibly due to incomplete lineage sorting (e.g., [41] ). Furthermore, the approach we apply here [37] is similar to the gene genealogy interrogation (GGI) methodology of Arcila et al. [42] , who found that testing between the fit of gene trees to hypothesized species trees could be used to resolve difficult areas of the tree of life. It is possible the gene tree approach here can overcome known difficulties in sequence evolution of early land plants [11, 22] to resolve these difficult relationships when concatenation-based methods struggle.
While support for a monophyletic Bryophyta is not unequivocal, we find overwhelming support for a clade of mosses and liverworts that we name ''Setaphyta'' after the sporophyte seta, a stalk supporting the capsule in both liverworts and mosses. However, we define Setaphyta phylogenetically, not based on an apomorphy, as the clade comprised of living mosses and liverworts, their last common ancestor and all of its descendants.
Implications for Early Land Plant Evolution
Most recent analyses (e.g., [19, 21, 28, 29] ) have supported liverworts as the sister group to all other embryophytes. This result has been compelling because liverworts are missing a number of characters that are otherwise shared between mosses and vascular plants, e.g., stomata. As such, liverworts have been envisaged as an evolutionary halfway stage between primitively Datasets were analyzed using the method of Steel and Rodrigo [25] . Top: for the 852 genes, the beta value was set to 2.05 (the median value from the P4 analyses). Over all gene trees, the summed likelihood is highest for the monophyletic bryophytes topology. There is significant support for monophyletic bryophytes over all other potential land plant relationships using the AU and KH. Bottom: for the 148 gene trees with the least compositional heterogeneity, the beta value was set to 2. Analyses were run with the maximum-likelihood estimate topologies. The liverworts-mosses sister tree was the topology with the highest support, but both monophyletic bryophytes and liverworts plus hornworts mosses could not be rejected.
aquatic algae and full-blown terrestrial stomatophytes and, hence, the widespread adoption of the liverwort Marchantia polymorpha as a developmental [43] and genome [44] model. However, regardless of the phylogenetic position of hornworts, the results of our analyses indicate that liverwort morphology resulted from loss of traits, rather than reflecting a primitive absence of embryophyte characters. Mosses have frequently been considered the closest bryophyte relative of the tracheophytes [13-16, 30, 31, 45] ; our results indicate that this does not reflect close kinship, but, rather, the retention of shared primitive embryophyte characters that have been lost principally in liverworts.
Our results question the relevance of liverworts like Marchantia as a developmental [43] , genomic [44] , and biogeochemical [46] model for the ancestral embryophyte in evolutionary studies. Indeed, attempts to infer the developmental biology of ancestral embryophytes requires phylogenetically constrained insights from both bryophyte model systems, Marchantia and Physcomitrella, in comparison to tracheophyte models like Selaginella. This is because no one lineage can be considered a developmental, genetic, or physiological surrogate for the ancestral embryophyte (cf. [47] ); all are a m elange of shared primitive and unshared derived characters specific to their respective lineages. Only through phylogenetically constrained comparative developmental biology is it possible to disambiguate the sequence in which their shared and derived characters were assembled during the evolution of land plant body plans. Nevertheless, our results indicate that for those organ systems that, in liverworts, are secondarily simplified or absent through loss as a consequence of loss of function or unique adaptations to life on land (e.g., gas exchange, spore wall structure, sporangium development and structure, rhizoid structure, and thalloid gametophyte form), Marchantia and other liverworts might not serve as an appropriate model for anything other than liverworts themselves. In particular, recognition of a moss-liverwort setaphyte clade impacts significantly on contemporary efforts to uncover the molecular developmental basis of the gametophyte-sporophyte phenotypic differentiation in extant land plant lineages [48, 49] . Paraphyletic bryophytes, with liverworts or hornworts sister, is consistent with the hypothesis of an ancestral dimorphic life cycle with gametophyte dominance extending to the level of life-long nutritional dependence of sporophyte on gametophyte. However, bryophyte monophyly is compatible with more varied life-cycle states, viz. dimorphic with gametophyte dominance, dimorphic with sporophyte dominance, dimorphic with co-dominance of both generations, and nearly monomorphic generations. The setaphyte clade also has significant implications for the origin of sporophytic characters in land plants, including the evolution of placental tissue, the loss of stomata in liverworts and some lineages of mosses, and the origin of their sporophyte developmental programs [50, 51] . This derived phylogenetic position for the stomata-free liverworts indicates that stomata are ancestral to land plants (though it does not resolve questions concerning the ancestral function of these structures [52] ).
Indeed, our unequivocal resolution of Setaphyta requires that the last common ancestor of liverworts plus mosses was much more complex-more stomatophyte like, or even tracheophyte like-than has been perceived hitherto. This may explain, for example, differences in the conducting tissues of bryophytes compared to those of vascular plants [53] , perhaps inherited from a more tracheophyte-like ancestral embryophyte. As such, the results of our phylogenetic analyses have implications for interpreting the affinity and, ultimately, the evolutionary significance of the earliest fossil plants. The majority are currently interpreted as stem tracheophytes, but it remains possible that some are stem-lineage representatives of a more complex embryophyte or bryophyte crown ancestor [54] .
Conclusions
Our results highlight the hornworts as a key lineage for improved genomic or transcriptomic sampling to definitively resolve land plant phylogeny. Our finding of monophyletic bryophytes could have major impacts on understanding the macroevolution of embryophytes. Specifically, the resolution of bryophytes as monophyletic could greatly affect the estimation of the ancestral state of life history for land plants [55] and the divergence times of lineages. Early bryophytes are unknown from the fossil record [1] , and vascular plants are known from the Silurian [2] , so the resolution of monophyletic bryophytes belies a cryptic history of bryophyte evolution intrinsic to the hypothesis of paraphyletic bryophytes. Further confirmation of these results could be provided via total-evidence approaches that directly incorporate information from the fossil record and improved sampling of hornworts.
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